A potential clinical method for calculating transmural left ventricular filling pressure during positive end-expiratory pressure ventilation: An intraoperative study in humans  by Smiseth, Otto A. et al.
JACC Vol. 27, No. 1 155 
January 1996:155-60 
NEW METHODS 
A Potential Clinical Method for Calculating Transmural Left 
Ventricular Filling Pressure During Positive End-Expiratory Pressure 
Ventilation: An Intraoperative Study in Humans 
OTTO A. SMISETH, MD, PHD, FACC,*t  CHRISTOPHER R. THOMPSON,  MD, FACC,* 
H ILTON LING, MD,* MURRAY ROBINSON,  MD,* ROBERT T. MIYAGISHIMA,  MD* 
Vancouver, British Columbia, Canada nd Oslo, Norway 
Objectives. This study sought o investigate whether ight atrial 
pressure could be used to estimate pericardial pressure during 
positive end-expiratory pressure (PEEP). 
Background. Because of elevated intrathoracic pressure during 
PEEP, pulmonary capillary wedge pressure may not accurately 
reflect left ventricular preload. An estimate of pericardial pres- 
sure during PEEP would allow assessment of transmural filling 
pressure. 
Methods. In eight patients, at the start of cardiac surgery, 
pericardial and pleural pressures were recorded by balloon trans- 
ducers placed over the anterolateral left ventricnlar wall. We also 
recorded intravascular pressures and left ventricular short-axis 
area by transesophageal echocardiography. 
Results. A stepwise increase in PEEP from 0 to 15 cm H20 
caused a linear increase in pleural pressure from 0.3 -+ 0.6 
(mean -+ SEM) to 6.1 +- 0.8 mm Hg (p < 0.01). Pericardial 
pressure increased from 2.3 -+ 0.5 to 5.9 + 0.6 mm Hg (p < 0.01). 
The correlation between right atrial (era) and pericardial pres- 
sure (Pperic) was good: Pra = 0.85 X Pperic "[- 1.8, r = 0.77. The 
correlation between changes in right atrial pressure and in 
pericardial pressure was better: APra  = 0.96 × Apperi  c - 0.2, r = 
0.97. Pulmonary capillary wedge pressure increased with PEEP 
(p < 0.05), whereas left ventricular area decreased (p < 0.05). 
However, there was a progressive reduction in transmural pres- 
sure, calculated as wedge pressure minus pericardial pressure 
(p < 0.05), and in transmural pressure, estimated as wedge 
pressure minus right atrial pressure (p < 0.05). The estimated 
transmural filling pressure correlated (r = 0.86) with end- 
diastolic area. 
Conclusions. The present observations uggest hat right atrial 
pressure may be used to estimate changes in pericardial pressure 
with PEEP and that pulmonary capillary wedge pressure minus 
right atrial pressure is a potentially clinically useful approxima- 
tion of transmural filling pressure. 
(JAm CoU Cardiol 1996;27:155-60) 
Positive end-expiratory pressure (PEEP) ventilation leads to 
an increase in left ventricular end-diastolic pressure but to a 
decrease in end-diastolic volume (1). These hemodynamic 
changes are caused by the elevated intrathoracic pressure, 
which reduces the pressure gradient for venous return and 
causes a shift in the left ventricular diastolic pressure-volume 
relation. Because of this shift, intracavitary left ventricular 
pressure or pulmonary capillary wedge pressure may not 
reflect preload (2,3). 
Experimental studies (4,5) indicate that the reduction in left 
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ventricular end-diastolic volume with PEEP results from a 
reduction in transmural filling pressure, that is, left ventricular 
pressure minus pericardial pressure. Ideally, one would like to 
measure transmural filling pressure (true preload) during 
PEEP. Because pericardial pressure is not available during 
hemodynamic monitoring in patients, transmural left ventric- 
ular pressure cannot be calculated. An estimate of pericardial 
pressure during PEEP would allow calculation of transmural 
filling pressure. It has previously been shown (6,7) that right 
atrial pressure approximates pericardial pressure during acute 
volume loading. In a canine model, Ditchey et al. (8,9) showed 
that right atrial pressure reflected pericardial pressure during 
PEEP. 
The aim of the present study was to test the hypothesis that 
right atrial pressure might be used to estimate pericardial 
pressure during PEEP in humans and thus provide a means of 
assessing transmural filling pressure. The study was performed 
at the start of cardiac surgery, with the pericardium intact, 
except for a small incision made for introducing a flat pericar- 
dial balloon transducer. The balloon was placed over the 
anterolateral left ventricular wall, and a similar balloon was 
placed in the overlying pleural space to measure pleural 
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Table 1. Patient Characteristics 
Pt No./Gender Age (yr) Operation 
1/M 66 CABG 
2/M 70 CABG 
3/M 52 CABG + MVR 
4/F 68 MVR 
5/M 77 CABG 
6/F 63 CABG 
7/M 43 CABG 
8/M 69 CABG 
CABG = coronary artery bypass graft surgery; F = female; M = male; 
MVR = mitral valve replacement. 
pressure. With the sternum reapproximated, incremental 
PEEP was applied. 
Methods  
Study patients. The main protocol included eight patients 
(two women, six men; 43 to 77 years old, mean age 64). Six 
patients were scheduled for coronary bypass urgery, one for 
mitral valve replacement and one for combined bypass urgery 
and mitral valve replacement. Mitral valve replacement was 
performed for mitral regurgitation. Two additional patients 
who underwent coronary bypass surgery and mitral valve 
replacement, respectively, were studied to compare pulmonary 
artery wedge pressure and left atrial pressure. Written in- 
formed consent was obtained from all patients before partici- 
pation in the study, and the protocol had been previously 
revised and approved by the institutional ethics committee on 
human research. Patient data are shown in Table 1. 
Surgical procedure and measurements. The patients were 
anesthetized using a common narcotic technique supple- 
mented by inhalational agents as required. Ventilation was 
adjusted to maintain ormal arterial blood gases and end-tidal 
carbon dioxide concentration. The patients were ventilated 
with volume-controlled ventilators (Siemens Servo 900C, Sie- 
mens, Elema, Sweden; Bear-II, Bear Medical Systems Inc.; and 
MA-2, Puritan Bennet Company). The chest was opened by a 
median sternotomy. Right atrial and pulmonary capillary 
wedge pressures were recorded by thermodilution flow- 
directed pulmonary artery catheters (Opticath P7110-EH, Ab- 
bot Laboratories; or Criticath SP5107H, Spectramed). 
Epicardial and pleural pressures were recorded by 3 x 3-cm 
flat silastic balloons attached to 8F stiff cardiac catheters. 
Before gas sterilization, the correct operating volume of each 
balloon was determined (10,11). At the time of the study the 
balloon was filled with the predetermined volume of saline. 
Immediately after each study, the calibration was repeated, 
and the balloons were found to function appropriately. All 
pressure catheters were connected to Viggo Spectramed 
072911 transducers (Spectramed). 
The chest was opened by a median sternotomy, a 2-cm 
pericardial incision was made over the right ventricle, and the 
pericardial balloon was placed over the anterolateral left 
ventricular wall and secured by a single suture in the pericar- 
dium. In six of the patients asecond balloon was placed in the 
overlying pleural space and secured by a single suture. The 
transducers were adjusted so that zero pressure was obtained 
at the mid-left ventricular level. 
In three patients, after completion of the coronary bypass 
or valve replacement, a fluid-filled catheter was placed in the 
left atrium. This was done to compare pulmonary capillary 
wedge and left atrial pressures during PEEP. At the end of the 
study, the left atrial catheter was removed. 
Pressures and electrocardiograms were recorded at a paper 
speed of 50 mm/s (model VR12, Electronics for Medicine/ 
Honeywell). 
In six patients, a 5-MHz transesophageal chocardiographic 
probe was positioned to obtain stable transgastric short-axis 
images of the left ventricle at the level of the papillary muscles 
or chordae tendinae. The probe was interfaced with a Sonos 
1000 echoscope (Hewlett-Packard), and images were recorded 
on videotape for later analysis. Subsequently, the endocardium 
of the left ventricle at end-diastole (maximal area) was 
planimetered using the standard software by a single observer 
unaware of the level of PEEP. 
Protocol. The edges of the sternum were adapted by use of 
three or four clamps. After a control recording, PEEP was 
applied incrementally at 5, 10 and 15 cm H20. Recordings 
were made after 2 to 5 min at each level. The PEEP was then 
discontinued. In three patients, recordings were taken while 
PEEP was decreased stepwise back to zero. Cardiac surgery 
was then completed. 
High levels of PEEP might change the relation between 
pulmonary capillary wedge and left atrial pressures. Therefore, 
in one of the previously described patients and in two addi- 
tional patients, a comparison between pulmonary capillary 
wedge and left atrial pressures was performed uring PEEP. 
This comparison was done at the end of the cardiac surgery 
while the edges of the sternum were adapted by three or four 
clamps. In one of the three patients, PEEP was repeated after 
the sternum had been surgically closed in layers. The left atrial 
catheter was then removed. There were no complications from 
the study procedure. 
All pressure and echocardiographic measurements were 
performed at end-expiration. 
Statistical analysis. Results are reported as mean value _+ 
SEM. Values before and during PEEP were compared using a 
repeated-measures analysis of variance, followed by a Student- 
Newman-Keuls test to isolate treatment effects. End-diastolic 
perieardial pressure was compared with mean pulmonary 
capillary wedge and mean right atrial pressures by a least- 
squares regression analysis. The relation between left ventric- 
ular filling pressure and cross-sectional rea was explored 
according to Glantz and Slinker (12) with a multiple regression 
model including dummy variables to account for between- 
patient differences. A probability value <0.05 was considered 
significant. 
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Figure 1. Effect of positive nd-expiratory pressure (PEEP) ventila- 
tion on right atrial (Pra), pericardial (Pperic) and pleural (Ppleural) 
pressures. Data are mean value ± SEM from six patients with 
simultaneous measurement of pleural and pericardial pressures. +p < 
0.05. *p < 0.0l. 
Results 
Effect of PEEP on pressures. Incremental PEEP from 0 to 
5, 10 and 15 cm H20 caused a progressive increase in pleural 
pressure (n = 6) from 0.3 _+ 0.6 to 1.9 _+ 0.5, 4.3 + 0.7 and 6.1 
_+ 0.8 mm Hg (p < 0.01) and in pericardial pressure (n = 8) 
from 2.3 +_ 0.5 to 3.2 _+ 0.5, 4.4 +_ 0.6 and 5.9 _+ 0.6 mm Hg, 
respectively (p < 0.01). Figure i shows data from simultaneous 
measurement of pericardial, pleural and right atrial pressures. 
With zero PEEP, pericardial pressure was higher (p < 0.05) 
than pleural pressure. However, at a PEEP of 10 and 15 cm 
HzO pericardial and pleural pressures were approximately 
equal, indicating that the pericardium was unstressed at the 
highest levels of PEEP. 
Comparison between right atrial and pericardial pres. 
sures. Figure 1 shows that right atrial pressure increased in 
parallel with pericardial pressure. Figure 2 shows the relation 
between right atrial and pericardial pressures in a single 
patient. Note that right atrial pressure approximates pericar- 
Figure 2. Relation between right atrial (Pra) and pericardial (Pperic) 
pressures ina representative patient. Open (solid) circles = increasing 
(decreasing) positive nd-expiratory pressure between 0 and 15 cm 
H20. 
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Figure 3. Changes in right atrial pressure (Pra) versus changes in 
pericardial pressure (Pperic) during positive nd-expiratory pressure 
ventilation (PEEP): pooled data from eight patients (n = 33). Open 
circles : recordings from eight patients at increasing PEEP between 0 
and 15 cm HaO; solid circles = recordings from three patients at 
decreasing PEEP levels. Note that right atrial pressure reflected the 
changes in pericardial pressure. 
dial pressure during increasing as well as decreasing levels of 
PEEP. The correlation of right atrial versus pericardial pres- 
sure for the pooled data had a slope of 0.85, a y-axis intercept 
of 1.8 and a correlation coefficient of 0.77. In Patient 1 it was 
unclear that the balloon transducer was in fact at the midleft 
ventricular level. If this patient is excluded from the analysis, 
the slope is 1.01, the intercept 0.9 and the correlation coeffi- 
cient 0.85. 
Figure 3 shows the relation between the changes in right 
atrial pressure (Pra) and pericardial pressure (Pperic) with 
PEEP in all patients, including recordings taken during step- 
wise reduction in PEEP back to zero: APra = 0.96 x Apper i  c - 
0.2, r -- 0.97. 
Estimation of left ventricular transmural filling pressure. 
Pulmonary capillary wedge pressure, which is used as a surro- 
gate for intracavitary filling pressure, increased significantly 
with PEEP (p < 0.05). In contrast, he transmural left ventric- 
ular filling pressure (pulmonary capillary wedge pressure mi- 
nus pericardial pressure) and left ventricular cross-sectional 
end-diastolic area decreased (p < 0.05) (Fig. 4). Because right 
atrial pressure reflected pericardial pressure during PEEP, we 
attempted toestimate transmural filling pressure as pulmonary 
capillary wedge pressure minus right atrial pressure. Figure 4 
shows that the estimated transmural left ventricular filling 
pressure decreased with PEEP, parallel with the reductions in 
the calculated transmural pressure (pulmonary capillary wedge 
pressure minus pericardial pressure) and in left ventricular area. 
There was a significant positive correlation between pulmonary 
capillary wedge pressure minus pericardial pressure and end- 
diastolic area (r = 0.93, p < 0.001) and between pulmonary 
capillary wedge pressure minus right atrial pressure and end- 
diastolic area (r = 0.97, p < 0.001). However, intracavitary 
pulmonary capillary wedge pressure varied inversely with 
end-diastolic area during PEEP (r = -0.92, p < 0.001). 
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Figure 4. Effect of positive nd-expiratory p essure (PEEP) ventila- 
tion on pulmonary capillary wedge pressure (Ppcw), transmural fil ing 
pressure and left ventricular (LV) cross-sectional area. Data are mean 
value - SEM. Left ventricular c oss-sectional area is expressed as
percent of the value at zero PEEP ventilation. Incremental PEEP 
increased pulmonary capillary wedge pressure and caused aprogres- 
sive reduction i  transmural fi ling pressure (pulmonary capillary 
wedge pressure minus pericardial pressure [Pperic]). There was a 
parallel reduction i the estimated transmural fil ing pressure (pulmo- 
nary capillary wedge pressure minus right atrial pressure [Pra]) and in 
the normalized cross-sectional area. 
Comparison of pulmonary capillary wedge and left atrial 
pressures. To assess whether pulmonary capillary wedge pres- 
sure reflects left atrial pressure, the two pressures were mea- 
sured simultaneously during PEEP. Figure 5 shows that pul- 
monary capillary wedge pressure reflected left atrial pressure 
at the levels of PEEP used in the present study. 
Discussion 
In the present study, increasing levels of PEEP from 0 to 
15 cm H20 caused a progressive increase in pleural pressure 
that on average was 50% to 60% of the PEEP level. There was 
a simultaneous but less marked increase in pericardial pres- 
sure. We found that the absolute values of right atrial and 
pericardial pressures correlated well during PEEP. The mod- 
erate scatter in this relation was caused mainly by a small 
individual difference in the relation between right atrial and 
pericardial pressures at zero PEEP. Therefore, changes in 
right atrial and pericardial pressures were similar (Fig. 3). This 
relation had a slope close to 1 and a y-axis intercept close to 
zero. These observations are consistent with studies of Ditchey 
et al. (9) and Kingma et al. (13) that compared right atrial and 
pericardial pressures during PEEP in dogs. A similar relation 
was demonstrated when pericardial pressure was changed by 
blood volume expansion in humans (7). The present study 
extends the previous observations and confirms that right atrial 
pressure may be used to estimate changes in pericardial 
pressure during PEEP. 
The clinical utility of this relation between right atrial and 
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Figure 5. Pulmonary capillary wedge pressure (Ppcw) versus left atrial 
pressure (Pla) during positive nd-expiratory p essure (PEEP) venti- 
lation. Regardless of level of PEEP between 0 and 15 cm H20, 
pulmonary capillary wedge pressure flected left atrial pressure. 
pericardial pressures would be to use right atrial pressure to 
estimate transmural left ventricular filling pressure during 
PEEP. We found that transmural fi ling pressure measured as 
pulmonary capillary wedge pressure minus pericardial pres- 
sure or estimated as wedge pressure minus right atrial 
pressure reflected reductions in left ventricular cross- 
sectional area with PEEP. In contrast, pulmonary capillary 
wedge pressure changed in the opposite direction to the 
change in cross-sectional rea and therefore could not be 
used as a measure of left ventricular preload during PEEP. 
Taken together, these results support he notion that pul- 
monary capillary wedge pressure minus right atrial pressure 
can be used to assess the direction of change in left 
ventricular preload with PEEP. This estimate is not perfect 
but is more useful than conventionally measured pulmonary 
capillary wedge pressure. 
Study limitations. There are some potential limitations to 
the use of pulmonary capillary wedge minus right atrial 
pressure as an index of left ventricular preload. In patients with 
right-sided cardiac hypertrophy, for example, from chronic 
pulmonary hypertension, the passive lastic properties of the 
right atrium might be changed. Therefore, transmural right 
atrial pressure might be significantly elevated at any level of 
pressure, and thus right atrial pressure may overestimate 
pericardial pressure. In an intraoperative study, Boltwood et 
al. (14) reported exceptional patients with right atrial pressures 
far exceeding pericardial pressure, and these patients had 
pulmonary hypertension. However, the relation between 
changes in right atrial pressure and changes in pericardial 
pressure may not be influenced to the same extent by the 
hypertrophy. 
Another limiting factor is related to the absolute magnitude 
and the modest changes in left ventricular t ansmural pressure. 
Because PEEP reduces left ventricular transmural pressure 
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and end-diastolic volume, one may operate on a rather flat 
portion of the ventricular pressure-volume curve, and end- 
diastolic volume may change considerably with only small 
changes in transmural pressure. Therefore, with reduced left 
ventricular volume, transmural pressure may be relatively 
insensitive to changes in end-diastolic volume. These limita- 
tions, although significant, in no way detract from the finding 
that pulmonary capillary wedge pressure minus right atrial 
pressure predicted left ventricular end-diastolic area much 
better than pulmonary capillary wedge pressure, which even 
suggested irectionally incorrect rends. 
Another limitation is related to the use of pulmonary 
capillary wedge pressure to represent intracavitary left ventric- 
ular filling pressure. Jardin ct al. (2) showed that pulmonary 
capillary wedge pressure overestimated left atrial pressure at 
levels of PEEP exceeding 10 cm H20. This overestimation 
could mean that transmural fi ling pressures might be overes- 
timated at the highest levels of PEEP. Cassidy et al. (15) 
suggested that the critical point is not the level of PEEP, but 
whether or not the catheter isappropriately wedged. Provided 
that the criteria for an appropriately wedged catheter are met, 
wedge pressure reflects left atrial pressure ven at high levels 
of PEEP. The two pressures may deviate ven at zero PEEP if 
the Swan-Ganz catheter is located in a region of the lung 
where alveolar pressure xceeds pulmonary venous pressure 
(West zones 1 and 2). The pressure trace should show charac- 
teristic left atrial pressure waves. If such waves are not 
observed, the catheter should be repositioned. The subset of 
patients in whom we compared wedge pressure and left atrial 
pressure showed that agreement was good at the PEEP levels 
used, suggesting that we were able to overcome this potential 
flaw. 
The introduction ofmeasuring devices obviously resulted in 
perturbation of normal physiologic variables. Because the 
pericardium was intact except for a 2-cm incision made for 
introduction ofthe balloon, the cardiac restraining effect of the 
pericardium was essentially undisturbed. The anesthesia and 
the fact that the sternum had been split and reapproximated 
probably influenced the absolute values of pleural pressure 
and, in turn, pericardial pressure. However, the main objec- 
tive of this study was not to determine the absolute levels of 
normal extracardiae pressures but to investigate their rela- 
tion to intracardiac pressures during PEEP. In a recent 
study (16) we showed that the PEEP-induced change in 
pleural pressure is similar with the chest surgically closed 
and with reapproximation f the sternum as performed in 
the present study. 
Perieardial versus pleural pressure. In the present study, 
increasing levels of PEEP up to 15 cm H20 caused a progres- 
sive increase in pleural pressure and a somewhat less marked 
increase in pericardial pressure. At zero PEEP, pericardial 
pressure was higher than pleural pressure, indicating signifi- 
cant transmural pericardial pressure. This finding means that 
the pericardium was distended beyond its unstressed volume. 
At the highest levels of PEEP, transmural pericardial pressure 
approached zero as a result of the transmission of PEEP to the 
chest cavity. 
To explain these observations, one may consider the me- 
chanics of the heart/lung interface as an interaction among 
pleural pressure, pericardial pressure and transmural periear- 
dial pressure. Because at end-diastole viscous and inertial 
contributions topressure are minimal, the following balance of 
forces (pressures) can be assumed: Pericardial pressure = 
Pericardial transmural pressure + Pleural pressure. Because 
pericardial pressure increased less than pleural pressure, there 
was a decrease intransmural pericardial pressure. At PEEP of 
10 cm H20, transmural pericardial pressure approached zero 
(Fig. 1). Thus, when PEEP was increased further, there were 
approximately similar increments in pericardial and pleural 
pressure. These increments mean that the relative change in 
pericardial and pleural pressure depends on the prevailing 
transmural pericardial pressure. To our knowledge, this is the 
first study in humans in which pericardial and pleural pressure 
have been compared. 
Measurement of esophageal pressure has been used as an 
indirect measure of pleural pressure and to estimate xtraven- 
tricular pressure during PEEP (17,18). We previously showed 
(19) that pressure recorded by an esophageal balloon during 
PEEP does not reflect changes in extracardiac pleural stress 
but approximates changes in pleural liquid pressure. The 
present study, which demonstrates different changes in peri- 
cardial and pleural contact stress with PEEP, implies that 
pleural pressure should not be used to measure changes in 
extraventricular p essure with PEEP. 
Conclusions. Positive end-expiratory pressure ventilation 
caused a progressive increase in plcural pressure and a less 
marked increase in pericardial pressure. Right atrial pressure 
reflected changes in pericardial pressure with PEEP. These 
results suggest that left ventricular preload uring PEEP may 
be estimated as pulmonary capillary wedge pressure minus 
right atrial pressure. Thereby, one can avoid the clinical pitfall 
of assuming that the increased pulmonary capillary wedge 
pressure seen during PEEP reflects increased left ventricular 
preload when, in fact, preload is reduced. Transmural left 
ventricular pressure stimated as pulmonary capillary wedge 
pressure minus right atrial pressure provides a more reliable 
estimate of left ventricular end-diastolic area than does the 
conventionally measured pulmonary capillary wedge pressure 
during changes in PEEP. 
The present study demonstrates that it should be possible to 
use right atrial pressure as a measure of pericardial pressure 
and, therefore, pulmonary capillary wedge pressure minus 
right atrial pressure as an index of left ventricular preload 
during PEEP. Determination of the clinical utility of this 
method will require testing in a larger group of mechanically 
ventilated patients in the intensive care unit setting. 
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